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ABSTRACT: Neurogenesis in the hippocampal dentate gyrus persists throughout the lifespan of 
mammals, however, the rate of neurogenesis decreases as the animal ages. Although seizures increase 
neurogenesis in young adult brains, this relationship has not been shown in aged animals. Using 
doublecortin (DCX) immunocytochemistry, the number of DCX-labeled cells in the dentate gyrus from 
aged rats (23 months of age) was assessed 30 days following pilocarpine-induced seizures and was 
compared to the number obtained from age-matched control rats. DCX-labeled cells were located in the 
subgranular zone, at the border between the hilus and the granule cell layer, and within the granule cell 
layer in both epileptic and control aged brains. When comparing the aged epileptic rats to age-matched 
controls, there was a significant increase in the number of DCX-labeled cells that was almost four and a 
half-fold. Therefore, aged rats also display an increase in adult neurogenesis following seizures. 
 
Key words: Adult neurogenesis; dentate gyrus; subgranular zone; doublecortin; hippocampus; seizures; 
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Granule cells are continuously generated in the rodent 
adult dentate gyrus [1-3]. The newly generated cells have 
features similar to existing cells and some become 
integrated into hippocampal circuitry [4-6]. The rate of 
neurogenesis can be affected by a number of factors such 
as stress, exercise, an enriched environment and seizures 
[7-9].  
 The increased neurogenesis that occurs following 
seizures leads to several neuroplastic changes to the 
newly generated granule cells. These include ectopic 
granule cell migration into the hilus and the formation of 
hilar basal dendrites [7,10,11]. The hilar ectopic granule 
cells become integrated into the excitatory circuitry of 
the dentate gyrus [12,13], and display increased 
excitability [14]. Although hilar basal dendrites are 
commonly found on newly generated granule cells, they 
are mostly transient in normal conditions, whereas 
seizures increase their frequency [11], persistence 
[15,16] and the formation of synaptic input to them [17]. 
Of those synapses that are formed on them, greater than 
90% are excitatory, or non-GABAergic [18], thus 
substantially increasing recurrent excitation as compared 
to normal granule cells. Therefore, these two cellular 
changes associated with increased neurogenesis 
following seizures contribute to neuronal circuits that 
appear to be proconvulsant.  
 In aged rodents, a decreased rate of neurogenesis is 
found in the dentate gyrus when compared to young 
rodents [3,8]. The substantial decrease with age is due to 
a reduction in the rate of proliferation of neural 
progenitor cells [3,19,20], in the number of neural 
progenitor cells [21], in the number of neurons generated 
by progenitor cells relative to glial cells [22], and in the 
proportion of progenitor cells that adopt a neuronal 
phenotype [4,8]. However, aged mice that are exercised 
or placed into an enriched environment show an increase  
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Figure 1.  DCX-labeled cells from an aged control rat. A shows a low magnification of the SGZ and GL from an aged control rat. 
These sections were not counterstained with thionin so that the DCX-labeled cells would be more obvious. Note that very low 
numbers of DCX-labeled cell bodies along the border between the SGZ and GL. B shows an enlargement of the DCX-labeled cell 
indicated by the box in A. Not e that this cell has only a few thin processes (arrows) arising from its fusiform cell body (arrowhead). C 
shows three more examples of DCX-labeled cells with fusiform cell bodies (arrowheads) and thin dendrites (arrows). D shows two 
examples of DCX-labeled cells with multipolar dendrites. One of these cells has a prominent apical dendrite (long arrow) that passes 
through the GL while the other has a prominent basal dendrite (short arrow) in the SGZ. E shows two DCX-labeled cells with short 
thick proximal dendrites (arrowheads) but neither of them passes through the GL. The DCX-labeled cell in F has a prominent apical 
dendrite (long arrow) that courses through the GL but there are several smaller processes (short arrows) arising from its cell body and 
oriented in unusual directions. Panel G shows a DCX-labeled cell with a prominent basal dendrite (long arrow) and a stunted apical 
dendrite (arrowhead). Another basal process (short arrow), an axon or a dendrite, arises from the other side of this cell. Scale bars = 
100 µm for A and 20 µm for B-G. 
 
 
 
in the rate of neurogenesis [4,8], indicating that at least 
in some conditions, neurogenesis can be stimulated in 
aged rodents. However, unlike young adult rodents 
where seizures were shown to increase progenitor cell 
and newborn neuron proliferation, this relationship has 
not been shown following kainate acid-induced seizures 
in aged Fisher 344 rats [22] and has not been examined 
in other seizure models using aged rats. Therefore, the 
current study aimed to determine whether pilocarpine-
induced seizures in aged Sprague-Dawley rats increase 
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neurogenesis in the dentate gyrus. Doublecortin (DCX) 
was used for this study because it has been shown to be a 
reliable marker for labeling immature neurons in the 
dentate gyrus and is found within these neurons from 4 
hours up to three weeks after they are generated [23,24]. 
METHODS 
 
Adult, male, Sprague-Dawley rats that were 22 months 
of age (680-850g, Charles River Labs, Wilmington, MA, 
USA) were used at the onset of this study. All 
experiments were performed in accordance with the 
Institutional Animal Care and Use Committee at the 
University of California, Irvine. Thirty minutes prior to 
seizure induction methyl-scopolamine (1mg/kg) was 
injected i.p., to reduce peripheral discomfort. To induce 
seizures, a single pilocarpine (300mg/kg, i.p.) injection 
was given to the rats. Animals were monitored for two 
hours to confirm that they demonstrated stage 5 seizures 
[25]. Animals that did not reach stage 5 seizures were 
omitted from the analysis. At two hours after seizure-
induction, the rats were injected with diazepam 
(10mg/kg) to stop seizure activity. Control rats received 
identical treatment except pilocarpine was substituted 
with an equal quantity of 0.9% saline. During the 
recovery stage, the animals were placed in individual 
cages and provided with food and water ad libitum. The 
rats with stage 5 seizures were allowed to survive for 30 
days (n = 5) after the initiation of seizures, as were age 
matched controls (n = 4). 
 It should be noted that there was a high rate of 
mortality (~50%) with the aged animals following 
pilocarpine-induced seizures. It is possible that aging, 
increased weight, declining liver function to break down 
pilocarpine, or some other factors contributed to this 
observed increased mortality rate. 
 Both epileptic and control rats, at 23 months of age, 
were anesthetized with an overdose of euthasol (1ml/kg), 
and perfused intracardially with 400 ml of saline 
followed by 400 ml of 4% paraformaldehyde in 0.1M 
phosphate buffer. The brains were allowed to sit within 
the skull for 48 h to improve their fixation and then they 
were extracted and post-fixed in 4% paraformaldehyde 
for 48 h. Coronal sections were cut at 50 μm with a 
Vibratome (Pelco 1000 Plus), and serial sections were 
collected into 12-well culture dishes containing 0.1M 
PBS. 
 All immunocytochemical reactions were carried out 
simultaneously using the same reagents for all animals. 
Please see Shapiro et al. [11] for details about the DCX-
labeling method used. Sections containing DCX-
labeled cells and their labeled dendrites were viewed 
using a Zeiss Axioplan light microscope. Images were 
captured using a Zeiss Axio-Vision camera. The number 
of DCX-labeled cells was quantified by using the Stereo 
Investigator program (MicroBrightfield Inc., Burlington, 
VT, USA). Briefly, every 12
th
 hippocampal section was 
analyzed from each animal in the study. Since aged rats 
demonstrate lower rates of neurogenesis than young rats, 
we needed a stereological method that would only take 
random samples of 300 µm by 300 µm in areas of tissue 
that actually had cells. Thus, the preliminary step of 
manually selecting the boundaries was necessary to 
ensure that our cell counts were not artificially deflated. 
This was performed by using a cursor to draw a 
boundary around the portion of the granule cell layer 
immediately subjacent to the subgranular zone and 
including the underlying subgranular zone of the dentate 
gyrus of both the infra- and supra-pyramidal blades. 
These boundaries were drawn for four consecutive 
images per blade, starting from the apex and moving 
outward, with no sections overlapping. The program then 
randomly selected 300 µm by 300 µm square areas from 
which the number of DCX-labeled cell bodies would be 
counted. The counts were made by an individual who 
was blinded to the identity of the animals’ treatment. 
Descriptive statistics were calculated for the number 
of DCX-labeled cells to examine the variation in means 
for the group of control rats (n = 4) and in the 
pilocarpine-induced seizure group at 30 days post seizure 
(n = 5). Student’s t-test was used to test for an overall 
difference between group means.   
RESULTS 
 
Hippocampal sections immunolabeled for DCX were 
examined from 23 month-old control animals. The 
location of DCX-immunolabeled cells in the dentate 
gyrus was similar to that previously described. Thus, 
DCX-labeled cell bodies were found at the border of the 
granule cell layer and the subgranular zone (Fig. 1). 
Apical and basal dendrites were observed to extend from 
these DCX-labeled cell bodies. It should be noted that 
the frequency of DCX-labeled cell bodies along the 
border between the granule cell layer and the hilus was 
greatly reduced relative to that in young adult rats (cf. 
Fig. 2E from [26]). Thus, the DCX-labeled cells in the 
aged rat were sparsely located along the infra- and supra-
pyramidal blades of the hippocampus, with slightly more 
of them located at the apex of the two blades. It should 
be noted that pairs and triads of DCX-labeled cell bodies 
were also observed. 
 The morphology of DCX-labeled cells in the aged 
rats also differed from that previously observed in young 
adult rats (cf. Fig. 2E from [26]). First, the shapes of 
their cell bodies ranged from fusiform to round (Fig. 1).  
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Figure 2.  DCX-labeled cells from an aged epileptic rat. A shows a low magnification of the SGZ and GL from an 
aged epileptic rat. These sections were also not counterstained with thionin so that the details of the DCX-labeled 
cells would be obvious. B and C show enlargements of the DCX-labeled cells indicated by the boxes in A. Note that 
the cells in B lack apical dendrites that pass orthogonally through the GL. In contrast, two (arrows) of the three DCX-
labeled cells in C have prominent apical dendrites that pass through the GL. Note that both of these cells with 
prominent apical dendrites are closely grouped. The third cell (arrowhead) has dendrites (arrows) that are thin and 
mis-oriented.  D and E are low and high magnification images, respectively, of the same group of DCX-labeled cells 
(box in D is enlarged in E). Several of the cells are grouped into pairs and triads (brackets in E). None of these DCX-
labeled cells display prominent apical dendrites that pass through the GL but instead have basal dendrites (arrow).  
Scale bars = 100 µm for A and 20 µm for B - E. 
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In contrast, most of the DCX-labeled cell bodies found 
in young adult rats were round [26]. Second, the 
dendrites arising from the DCX-labeled cell bodies 
mainly stayed in the subgranular zone running parallel to 
the granule cell layer. Although some entered the granule 
cell layer, most of their dendritic processes did not 
extend through the granule cell layer and into the 
molecular layer. In contrast, the majority of the dendrites 
from DCX-labeled cell bodies in young adult rats 
entered the granule cell layer [24].  
 
   
 
 
Figure 3. DCX-labeled cells in the dentate gyrus. Quantitative 
data on the mean number of DCX-labeled cells per unit area 
(1,000 µm2) are plotted for both aged control and aged epileptic 
rats (30 days post seizures). The control animals (n = 4) had a 
mean of 0.035 newly generated cells (σ = 0.017) per unit area. In 
contrast, the aged epileptic rats (pilocarpine) (n = 5) had a mean of 
0.154 newly generated cells (σ = 0.089) per unit area. This 
increase was 4.36 times that of the control group. The Student’s t-
test showed that this increase was statistically significant (t = 
2.899 and a P < 0.03 ). Vertical thin line on each bar indicates the 
standard deviation (±σ) for the corresponding group. 
 
  
 DCX-labeled cells from the dentate gyrus of 
pilocarpine-injected, aged rats were found in the same 
location as described above for control rats (Fig. 2). In 
addition, the DCX-labeled cells from epileptic aged rats 
exhibited irregular-shaped cell bodies with flattened and 
elliptical shapes similar to those in aged-matched control 
rats. It should be noted that the DCX-labeled cell bodies 
in epileptic aged rats were also commonly observed in 
groups of two or three, especially near the apex of the 
two blades of the granule cell layer (Fig. 2). Similar to 
the control aged rats, most of the dendrites arising from 
the DCX-labeled cell bodies from epileptic aged rats 
lacked apical dendrites that passed through the granule 
cell layer.   
 The quantitative data on the mean number of DCX-
labeled cells per unit area were based on an average of 
24 images that had DCX-immunolabeling and are 
reported per 1,000 µm
2
. The control animals (n = 4) 
showed 0.024, 0.061, 0.026, and 0.031 DCX-positive 
cells, for a mean total of 0.035. Animals treated with 
pilocarpine injections (n = 5) showed 0.165, 0.056, 
0.082, 0.185, and 0.280 DCX-positive cells, with the 
mean number of newly generated cells being 0.154, or 
4.36 times that of the control mean (Fig. 3). Statistical 
analysis using Student’s t-test showed that this increase 
was statistically significant (t= 2.899, P < 0.03). Overall 
mean coefficient of error of estimating the DCX-labeled 
cells over a 90,000 µm
2
 field for the aged epileptic rats 
was 9.4% (see Table 1). 
DISCUSSION 
 
The main finding of this study was the significant 
increase in the number of DCX-labeled cells in epileptic, 
aged rats as compared to control, aged rats. These data 
show that with relative respect to a seizure-induced 
increase in neurogenesis at 30 days after pilocarpine-
induced seizures, the aged brain responds similarly to the 
young adult brain, despite the relatively low number of 
DCX-labeled newly generated cells in the aged rodent 
brain.  
 This effect of status epilepticus on the number of 
newborn neurons has not been previously shown in aged 
animals. A previous study reported no significant change 
in the number of DCX-positive cells in aged epileptic 
rats as compared to aged control rats [22] and this 
discrepancy could be explained by a few differences in 
the methods used. First, Rao et al. [22] used a series of 
graded intraperitoneal injections of kainic acid as a 
chemoconvulsant, whereas the data in the present study 
were obtained using a single dose of pilocarpine. Kainic 
acid and pilocarpine mediate their convulsant effects 
through two different mechanisms, each affecting a 
different neurotransmitter receptor. Kainic acid has its 
effect through the glutamate synapse and pilocarpine 
through the acetylcholine synapse. Second, Rao et al. 
[22] used Fisher 344 rats (F344) while the present study 
employed Sprague-Dawley rats. A strain difference 
could provide the basis for differences in results. For 
example, some mice strains with kainic acid-induced 
epilepsy show no neuronal loss in the hippocampus 
whereas other strains show robust hippocampal cell loss 
[27]. Third, Rao et al. [22] examined their Fisher 344 
rats 12 days following kainic seizures, and the current 
study examined neurogenesis 30 days after the 
pilocarpine-induced seizures. The significance of having 
a longer survival period is that spontaneous seizures 
caused by the chemoconvulsant do not usually begin 
until about a month after the initial pilocarpine-induced 
status epilepticus and the spontaneous seizures have been 
previously demonstrated to increase neurogenesis [7].  
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Table 1. Comparison of DCX-labeled cells in control and aged epileptic rats (30 days post seizure) 
per 1,000µm². Refer to Larsen [30] for the method used to estimate the coefficient of error (CE) and 
the overall mean CE of counted cells. 
 
Rat Index Number of DCX-labeled cells per 1,000µm² CE of Pilocarpine Group 
(over 90,000µm² field) 
Control Group Pilocarpine Group 
1 0.024 0.165 7.6% 
2 0.061 0.056 7.9% 
3 0.026 0.082 14.3% 
4 0.031 0.185 3.2% 
5 - 0.280 10.2% 
Mean (±σ) 0.035 ± 0.017 0.154 ± 0.089 Overall mean CE of epileptic 
group: 9.4% 
 
 
 
Fourth, Rao et al. [22] used rats 24 months of age, 
whereas the current study examined 23 month old rats. 
And fifth, Rao et al. [22] used a stereological counting 
method similar to that used in young adult rats, whereas 
the present study used a modified stereological method 
to take into account the much smaller population of 
DCX-labeled cells in aged rats.  
 A second study using the pilocarpine epilepsy model 
failed to show basal dendrites on newborn neurons at 2 
months following seizures that were induced in 20-
month old rats [28].  It is important to note that in this 
latter study, very few newborn granule cells were 
reported, with the values of newborn neurons appearing 
to be almost 0 cells per mm
2 
(see Fig. 2 [28]). 
Considering this very low baseline of neurogenesis in 
their aged-animals, it is not surprising that very few cells 
with basal dendrites were observed. Furthermore, they 
used a method of counting that included tracing the 
entire granule cell layer, whereas the current study only 
traced the portion of the dentate gyrus where the 
majority of newborn neurons are located. In the present 
study, DCX-labeled cells with prominent basal dendrites 
were clearly observed (Figs 1 and 2). Another difference 
between the studies is that Avanzi et al. [28] only gave a 
half-dose (160 mg.kg) of pilocarpine to the aged 
animals. While it is unclear if a lower dose of pilocarpine 
has differential effects on neurogenesis, previous studies 
have demonstrated a relationship between seizure 
severity and altered neurogenesis. Moreover, Avanzi et 
al. [28] examined the tissue at 2 months after 
pilocarpine-induced seizures in 22-month-old rats, 
whereas analysis for the current study was conducted 1 
month after pilocarpine in 23-month-old rats. At later 
timepoints relative to the 30 days examined in the 
present study, previous studies have demonstrated that 
seizure-induced neurogenesis is decreased, as opposed to 
the initial increases observed at the earlier timepoints 
[29].  Therefore, there are several possible explanations 
as to why these studies differed in regard to seizure-
induced effects on hippocampal neurogenesis.  
 Another interesting characteristic of the cells in aged 
animals was their tendency to appear in groups of 2 or 3. 
These groupings consisted of cells located in close 
proximity to one another, with cell bodies typically 
separated by no more than 5 µm. Both the control and 
aged epileptic rats showed this grouping phenomenon 
and there were no significant differences between the 
two groups (data not shown). The reason for these 
groups to appear in aged rats is unclear. It is possible that 
the rate of migration into the granule cell layer is 
different in aged animals, and this could be the cause for 
greater numbers of cells in clusters. Another possibility 
is that there are fewer progenitor cells that produce 
neurons in aged rats. Thus, seizure-induced stimulation 
of progenitor cell proliferation might result in increased 
neuron production by these few progenitor cells. Other 
possibilities such as altered guidance cues or an 
alteration to the molecular milieu also cannot be 
excluded.  
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 In addition to environmental enrichment, this study 
shows that seizures also have the potential to enhance 
neurogenesis in the aged rodent brain. Although it is 
unclear whether seizures result in aberrant circuit 
formation in the aged rat as it does in younger adult rats, 
the results from this study support the idea that 
progenitor cells persist in the aged rat brain. 
Understanding the mechanisms regulating neurogenesis 
in the adult and aged brain are important for 
understanding how these cells might be a therapeutic 
target. 
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